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Abstract 

Some of the hot topics in neutrino physics are discussed, with par- 
ticular emphasis on neutrino oscillations. After proposing credibility 
criteria for assessing various claimed effects, particular stress is laid on 
the solar neutrino deficit, which seems unlikely to have an astrophysical 
explanation. Comments are also made on the possibility of atmospheric 
neutrino oscillations and the LSND experiment, as well as cosmological 
aspects of neutrinos and neutralinos. several of the central issues in neu- 
trino physics may be resolved by the new generation of experiments now 
underway, such as CHORUS, NOMAD and Superkamiokande, and in 
preparation, such as SNO and a new round of accelerator- and reactor- 
based neutrino-oscillation experiments. At the end, there is a brief re- 
view of ways in which present and future CERN experiments may be able 
to contribute to answering outstanding questions in neutrino physics. 

1 Preamble 

The story so far is that we know there are three (and only three) light 
neutrino species □: i-apart from that, all we have are upper limits on 
neutrino properties 13. According to the Standard Model, each neutrino 
flavour carries its own lepton number, and these are all separately con- 
served: AL e = AL M = AL T = 0, and all the light neutrinos are in fact 
massless: m Vl! = m Vli = m„ T = 0. One may either accept the Standard 
Model's opinion, and use neutrinos as tools for probing nuclear/particle 
physics, astrophysics and cosmology, or one may question the Standard 
Model's wisdom, and study neutrinos in their own rights as possible are- 
nas for new physics beyond the Standard Model. Most of this meeting 
has been, and most of this talk is, concerned with searches for such new 
physics, which is also the likely focus of most future neutrino experi- 
ments, but let us first review briefly some Standard Model physics with 
neutrinos. 
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2 Testing the Standard Model 

Neutrinos may be used in nuclear physics to measure interesting ma- 
trix elements, which may cast light on nuclear wave functions. In this 
connection, it was reported hereu that the LSND experiment finds a dis- 
crepancy with calculations of a(u + 12 C— > fi + N*). Also, it should not 
be forgotten that neutrino-proton elastic scattering, may also cast light 
on the presence of hidden strangeness in the protonu. It would be a pity 
if these mundane issues got forgotten completely in the enthusiasm for 
possible new physics with LSND. 

Neutrinos can also be used to make measurements of fundamental 
Standard Model parameters, such as sin 2 (9w and a s . We heard herelj 
that the present error on the deep-inelastic i/-N scattering measurement 
of sin 2 8w is ±0.0048, to be compared with the LEP/SLC error of about 
±0.0003. However, this comparison is not really fair, since different def- 
initions of sin 2 9w are used. The u-N measurement ca»ibe considered as 
effectively a determination of Mw /Mz ■ The promisedu error of ±0.0025 
is equivalent to SMw = ±130 GeAk comparable to the present error on 
the direct measurements of Mw an d should be compared with the 
errors of ±50 MeV or so expected in the future from LEP 2 and the 
Tevatron collider. These measurements are in turn important for the in- 
direct determination of the Higgs mass. A global fit to all the available 
electroweak measurements, including present f-N scattering data, givesB 

log 10 (Afo/GeV) = 2.16 ±0.33 (1) 

corresponding to a factor of 2 error in Mh, which we may hope future 
scattering experiments could help reduce. 
Deep-inelastic z/-N scattering also provides an interesting determina- 
tion of a s , in particular from the Gross-Llewellyn-Smith sum rulea: 

a s (M z ) = 0.111 ±0.003 ± 0.004 (2) 

where the dominant experimental systematic error comes from the beam 
energy calibration u. Taking this into account, the measurement (§VJp 
not incompatible with the world average of a s (Mz) — 0.118 ± 0.003lj. 
There are other low-energy determinations of a s (Mz) which yieMi rela- 
tively high values, e.g., from r decay til and the Bjorken sum ruleli3, and 
the available measurements seem to me to scatter normally around this 
central value, with no significant trend for lower-energy determinations 
to yield lower values, as has sometimes been suggested. To make a grace- 
ful transition to physics beyond the Standard Model, it is worth recalling 
that measurements of a s and s\n 2 0w test theories of Grand Unification, 
so these neutrino experiments bear on fundamental theoretical issues. 
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3 Massive Neutrinos? 



As already mentioned, the Standard Model abhors masses for the neu- 
trinos, and all we have so far from experiments are upper limits □: 

m„ e < 4.5eV ?, < 160KeV, m„ T < 23MeV (3) 

Theoretically, there is no good reason for the neutrino masses to vanish, 
and non-zero masses are expected in generic grand unification theories. 
There are probably more models for the neutrino mass matrix that there 
are theorists who have wosked on the problem: here I shall be guided by 
the simplest see-saw formtj: 

(y L ,v R ) ( ~° ) ("A (4) 

^ ~ m q ~ Mgut J \ v R J 

whose diagonalization leads naturally to light neutrinos 

m Vi ~ — << m g i (5) 

mauT 

These non-zero masses would be accompanied by mixing via angles 9ij : 
i,j = e,n,T analogous (and in some models related) to the Cabibbo- 
Kobayashi-Maskawa angles in the quark sector. 

Our best direct information about m„ c comes from measurements of 
the end point of the 3 He /3-decay spectrum. The latest results of two 
current experiments were presented here. As seen in Fig. 1, neither data 
set is fit well by the standard theory. Relative to the standard Kurie plot, 
the Mainz spectrumEj shown in Fig. 1(a) has a banana shape that raises 
question about the presence of final-state ionic and/or molecular effects 
that are not well understood. In the case of the Troitsk experiment E3 
(see Fig. 1(b)), there is a mysterious bump near the end of the spectrum 
that appears at diffpaet energies in the data from different years. Both 
experiments report OtJ a feature around 250 to 300 eV from the end 
point, with an apparent branching probability of 1 or 2%. However, 
before accepting a very stringent upper limit on m„ e from the end-point 
measurements, or crying vh on the basis of this lower-energy feature, the 
community will require more evidence that the theoretical understanding 
of the spectrum is adequate, i — i 

The Mainz group does planliil to measure final-state effects by mon- 
itoring additional 7s and molecular break up inrfti more calrimetric ap- 
proach. There is also an interesting suggestion □ to use 187 Re (which 
has Q = 2 KeV) in a calorimetric experiment based on superconducting 
bolometry to remove final-state effects. 

A powerful indirect way to search for m Ve is to look for 0v /3/3 decay. 
However, the interpretation of these experiments is subject to uncertain- 
ties: a positive effect could be due to some other mechanism such as R 
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violation in supersymmetric models, and, even if the results continue to 
be negative, there could be a Dirac mass or some other mechanism for 
a cancellation in < m V(s >. Nevertheless, the upper limit til 

<m„ c >^0.5eV (6) 

is very impressive. As we heard here0, there are prospects for incre- 
mental improvements, leading perhaps to m Ve 0.2(0.1) eV by the year 
2000 (2005), and many other horses will be competing in this race. 





Figure Features at the ends of the tritium /3-decay spectra seen (a) in the Mainz ex- 
periment £j, and (b) in the Troitsk experiment £j, which are not fitted well by standard 

models. 
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4 Neutrino Oscillations? 



This is a very difficult experimental field, and the stakes are very high. 
Therefore, we must ask for a very high standard of proof: my personal 
credibility criteria are that any claimed effect should be confirmed by 
more than one experiment using more than one technique. From this 
standpoint, the possibility of Solar Neutrino Oscillations holds up 
very well: the sola*, neutrino deficit, has now— been seen b*, 5 experi- 
ments (HomestaksM KamiokandeH, SAGEEI, GALLEXES and now 
Superkamiokande E3) using 3 1/2 techniques (CI, H2O and two some- 
what different Ge techniques). The claim of Atmospheric Neutrino 
Oscillationsi-fln the othe^-hand, is supported by just 2 1/2 experiments 
(KamiokandeEj and IMBa, with Soudan Efl as yet inconclusive), using 
just 11/2 techniques (water Cerenkov and 1/2 for calorimetry/tracking, 
since other tracking detectors (NUSEX, Frejus) do not see the effect). 
Finally, the claim of possible Accelerator Neutrino Oscillations is 
made by only one experiment (LSNDcj) using a scintillator technique* 

In my view, the fact of a solar neutrino deficit is well establishedEj, 
and the essential question now is whether it is due to astrophysics or 
neutrino properties. On the other hand, the existence of an atmospheric 
neutrino deficit cannot be regarded as well established, but requires fur- 
ther checks. There are still considerable uncertainties in the absolute 
cosmic-ray neutrino fluxes E3 which cloud the interpretation (too few 
or too man*i-p e ?), and confirmation by different techniques is essential. 
The LSNDE3 claim of an accelerator neutrino effect is in even greater 
need of confirmation, and it is encouraging that the LSND Collaboration 
itself, as well as an upgrade of the KARMEN experiment E3, should be 
able to address this issue. 

We saw at this meeting new, and in some cases definitive, results from 
the foup-experiments that see a solar neutrino deficit. Homestake now 
reportstJ a flux of 2.54 ± 0.16 ± 0.14 SNU, and the previous suggestion 
of some time dependence (an anti-correlation with the sunspot num- 
ber) has declined substantially in statistical significance. The definitive 
Kamiokande result of 0.424 ± 0.029 ± 0.05 of the Bahcafi-Pinsonneault 
1995 flux also exhibits no significant time dependences: 

D " l ~" 0.398™ +(9.4^)10- 4 xiY 5S (7) 



Standard Solar Model 

SAGE0 reported here a new result: 721jq1| SNU and the preliminary 
results of a calibratiopitest: e = 0.54 ± 0.11. We also heard about new 
data from GALLEXE3, which are somewhat below their previous av- 
erage, though consistent within the errors. Their latest result is 70 ± 8 
SNU, which includes statistical and systematic errors, the latter incorpo- 
rating the results from their two calibration runs, which together yield 
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e = 0.92 ± 0.07 Ei These two new results tend even to sharpen the 
dilemma of the solar neutrino deficit. 

As was discussed here by SmirnovE3, and seen in Fig. 2, the indica- 
tions are that the deficit is not monotonic with neutrino energy, in the 
way that would be expected, for instance, if it was due simply to a re- 
duction in the central temperature of the Sun. Nor does the deficit look 
energy-independenttj, as was suggested here by ConfortoEj. The latest 
Standard Solar Model qakulations do include diffusion effects and the 
latest available opacitiesEZI. Personally, I am at least reassured about the 
accuracy of the assumed values of the nuclear interaction rates, but it 
still seems very difficult to accommodate the apparent (near?) absence 
of intermediate-energy solar neutrinos coming mainly from 7 Be. 

Since there was no talk here on helioseismology, I would liker-fcp un- 
derline that this de«s not help solver-fche solar neutrino problem E3, but 
rather the reverses. Quoting from Ex "substantial mixing... solution 
of... deficit of 37 Cf ... seems unlikely", "inclusion of settling... tends to 
increase neutrino fluxes" , "helioseismological results accentuate the neu- 
trino problem" , "models that... reduce the neutrino flux... are generally 
inconsistent with the observed frequencies", and "it appears unlikely 
that the solar neutrino problem will find an astrophysical solution" . 
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Figure 2: A planar presentation^ of the solar neutrino deficits seen in different experiments, 
compared with a selection of different models. The datardp not support a suppression that 

is independent of energyEj. 
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As is-, well known, and was emphasized here by Smirnovtij and 
Petcov Ej, matter-enhanced Mikheyev-Spiirnov-Wolfenstein (MSW) E3 
oscillations fit the data very well: a fit Cj including the latest data is 
shown in Fig. 3(a). An issue raised here was the possibility pf .a-diminu- 
tion of the MSW effect by fluctuations in the solar densityujo: it will 
be important to take helioseismological constraints into account when 
evaluating this possibility. We should also not forget the possibility of 
vacuum oscillations: the results of a fit EJ including all the latest data 
are shown in Kg. 3(b). Perhaps our biggest peril is theoretical seduction 
by the MSWI23 ideat-faveat emptor, and do not forget that "the Sun is 
not a piece of cake" c3! 



after V ' 
before u ' 




10- s 10- 1 1 0.2 0.4 0.6 0.8 1 

sin*(20) (a) sin<(28) (b) 

Fits0 to the solar neutrino data available before and after this meeting: (a) within 
an MSW interpretation, and (b) using vacuum oscillations. 

The outlook for progress on the solar neutrino problem is good. The 
first experiment in the next generation, Superkamiokande, is already op- 
erating, and its preliminary data confirm the previous measurements of 
the Kamiokande experiment Ej. It should soon supplement this with 
additional information on the 8 B neutrino spectrum, and possible sea- 
sonal and day /night effects, thereby providing us with many tests of the 
MSW interpretation of the solar neutrino deficit. The Homestake Iodine 
experiment is abouti-fep start taking datatj. During 1997, SNO should 
enter into operationcfl, and provide us with the first information on the 
neutral/charged current ratio, as well as more detailed information on 
the possible spectrum distortion and the possible seasonal effect, pro- 
viding many tests of the MSW and vacuum opeillation interpretations. 
Also approved is the BOREXINO experimented, which should provide 
us with definitive information on the intermediate-energy ( 7 Be) neutri- 



7 



nos, and hence on the MSW interpretation, starting in 1999. Other 
projects for the Gran Sasso laboratory are under active discussion. One 
is the Gallium Neutrino Observatory (GNO) E3, which would continue 
the work of GALLEX, eventually increasing the detector mass to 100 t. 
The ICARUS experimented has already been approved for a prototype 
module, and should eventually be able tcpaontribute a measurement of 
the 8 Bi/ spectrum. The HELLAZ projected would be able to contribute 
a measurement of the pp v spectrum and test the vacuum oscillation 
interpretation. It may take a few years, but we are on the way to an 
experimental resolution of the solar neutrino problem. 

As already mentioned, a deficit in the atmospheric v n /ve ratio has 
been reported by the H2O Cerenkov detector Kamiokande: 

We) data n ~ n +0.06 /n\ 

7 73 - U.DU_ . 05 (»J 

KM e.) Monte. Carlo 

in their sub-GeV data^-and an angle- dependent effect has been seen in 
their multi-GeV dataE3. A deficit in this ratio has also been seen by 
the other H2O detector 1MB £1 but is not confirmed byr-the electronic 
detectors NUSEX and FrejusES, whilst the Soudan result Ej 

, ^/e) da ta = o.72 ± 0.19;°-° 5 7 (9) 

(^/e) Monte Carlo 

is ambiguous. Because of uncertainties of as much as 30% in the absolute 
neutrino flux normalizations E£l, as seen in Fig. 4, the correct interpre- 
tation of the ratios (^, []) is not immediately obvious: are there too 
few v^, or too many u e , or both? The ambiguity could be removed by 
more accurate data on production in laboratory p-Nucleus collisions, 
which should soon be available from the SPY experiment at CERNuj, 
and on the cosmic-ra^nriuon flux, which could be obtained with the L3 
experiment at CERNcl 

There are several prospects for experimental progress on the atmo- 
spheric neutrino problem. SuperkamiokandetJ will soon have an order 
of magnitude more data than Kamiokande, with a correspondingly bet- 
ter control of systematics, less leakage from the side, more stopping 
muons, and better multi-GeV information. However, it does not use a 
new technique. There are also several prospects of checks using accel- 
erator neutrino beams-aver long base lines. First among these will be 
the LBLE experimented in which a neutrino beam is sent from KEK to 
Superkamiokande, a distance of 250km, produced initially by a 12 GeV 
p beam in 1999, which can look directly for v u —* v e oscillations, and 
subsequently with a 50 GeV p beam in 2003, which will permit the ob- 
servation of v T . In the United States, the MINOS experiment involves 
sending the v beam produced by a 120 GeV p beam over 730 km to 
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Soudan, which is currently scheduled to start in 2002. This experiment 
should be sensitive to Am 2 = 0.001 eV 2 and sin 2 20 = CLQ2. Also under 
discussion is a possible CERN-Gran Sasso experiment Kj, which I will 
discuss later. 
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Figure 4: Comparisor££| of the atmospheric and i/ £ fiuxesmbserved in different experiments 



with theoretical calculations 



Some aspects of the atmospheric neutrino problem can be checked 
with reactor experiments that are sensitive to v e disappearance. The 
Chooz experimented with a base-line of 1 km starts taking data in 1996, 
and the Palo Verde experiment E3 with a 750-m base line in 1997: they 
should each reach Am 2 = 0.001 and sin 2 2# = 0.05. 

One of the most dramatic recept claims in neutrino physis has been 
that by the LSND collaboration CJ to have observed an excess of u e p — > 
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e + n events (tagged by a second signature from np — > dy) which they 
interpret as evidence for Vp, — > ^ e oscillations. The largest irreducible 
background is that due to a contamination of 8 x 1CP 4 v £ in the beam. 
There is in addition a reducible background due to cosmic rays, which is 
fought by shielding, veto counters, etc. The LSND collaboration reports 
a raw e + excess for 36 MeV < E < 60 MeV (recall that the end point 
is at 53 MeV) of 300 - 160.5 - 76.2 = 63.3 ± 20 events (where the first 
subtraction is for the beam-off background, the second for the beam-on 
background), a 3 — a effect. When they further select events with a 7 
coincidence, as determined by a cut on a function R(At,NpMT,Ar) > 
30, as seen in Fig. 5, they are left with 22 - (2.5 ± 0.4) - (2.1 ± 0.4) = 
17.6 ± 4.7 events, somewhat more than 3cr. 




ure 5: The tail of the R distribution for events with 20MeVpS E e < 60 MeV in the LSND 
experiment has an apparent excess Ej. 

There were initially some worries about tha-possibility of neutrons 
leaking into the outer regions of the detector Ej. If one restricts the 
fiducial volume to the "safest" 45 %, the signal is reduced fee 6 events 
with a background of 1.7 ± 0.3 c3. It should also be noted E3 that the 
excess in R shows up only in the last two bins shown in Fig. 5. Finally, 
the LSND result is only marginally consistent with previous experiments, 
most importantly E776, KARMKN^j and the Bugey reactor experiment, 
and the most recent CCFR|iimitEiJ, as seen in Fig. 6. 

The LSND speaker hereto talked of a "significant oscillation- like ex- 
cess that needs confirmation". Many people here would echo heartily 
the latter phrase. Fortuwately, efforts to confirm the claimed effect are 
underway by LSND itselfcj, which is searching in its data for — > v e os- 
cillations, and should have results by 1997, and by the KARMEN collab- 
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orationE], which is improving its n detection efficiency and installing veto 
counters in its surrounding steel blockhouse to veto cosmic-ray muons 
that might produce neutrons, and should have results by 1998 




90% Conf. Limits 



Figure 6: Comparison of the LSND result H w%h those of £776, KARMEN0, Bugey and 

ccfrM 



Finally, let us recall the motivation for a new round of accelerator 
neutrino-oscillation experiments. Theoristeiof cosmological structure for- 
mation would like some Hot Dark MatterE3, which is most plausibly one 
or more massive neutrinos with m„ ~ 1 to 10 eV, which is compatible 
with the simplest possible seesaw model: 



m„ T ~ ( — ) x ra„ 

rn c 



(10) 



It is, furthermore, plausible that the v T might have observable mixing 
with the Yt\- These considerations have motivated the CHORUS lj and 
NOMAD lj experiments, which will be running at CERN until the end 



of 1997, and should attain sensitivities ~ 0.0003 to sin 9^ T for 3m 



50 



eV . In my view, there is certainly interest in extending this search 
down to lower Am 2 , as well as to smaller mixing angles, by using either 

"The KARMEN collaboration presented their own "anomaly", namely an apparent 
excess of 112 ± 32 7 events occurring after 3.6 ± 0.25 fis, that might be due to the radiative 
decay of some state X wijrhi a mass of 33.9 MeV. However, this effect has not been confirmed 
by an experiment at PSIE3. 
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a longer baseline or a lowpi-energy beam. Indeed, in the longer term, 
the COSMOS experiments plans to take data for 4 years starting in 
2001, and expects to reach a sensitivity to sin 2 ^,- ~ 1.4 x 10~ 5 , and get 
down to Am 2 ~ 0.08 eV 2 . 



5 Cosmological Constraints on Neutrinos 

We heard hereB that the success of Big-Bang Nucleosynthesis constrains 
the number of neutrino species: 

N v = 3.0 ± 0.23 ± 0.38to;s7 (11) 

where the last pscertainty is that due to the baryon-to-entropy ratio r\. 
We also heard E3 that there is no crisis for Big-Bang Nucleosynthesis, 
but possibly for over-simplified theories of the chemical evolution of the 
Galaxy H . The range (Jill) corresponds to an upper bound 

N v < 3.9(90%c.l.) (12) 

to be compared with the LEP determination N„ = 2.989 ± 0.0120. 

We also heardu that Big-Bang Nucleosynthesis constrains the mass 
of any metastable neutrino, assumed to be the r neutrino: 

m Vr > 32MeV or < 0.95MeV (13) 

if it has a Dirac mass, and 

m VT > 25MeV or < 0.37MeV (14) 



if it has a Majorana mass. Both of the lower limits-in ( |13[|l4| ) conflict with 
the upper bound m„ T < 23 MeV from ALEPHo, indicating that m VT 
must actually lie below 1 MeV. We also know that any stable neutrino 
must weigh less than 

m VT = 92ft 2 eV (15) 

where h is the present expansion rate of the Universe in units of 100 
km/s/Mpc, and it is assumed that the present mass density of the Uni- 
verse is no larger than the critical density, SI = 1, as suggested by theo- 
ries of cosmologicaL-inflation. There are also cosmological constraints on 
unstable neutrinos E3, which I will not ea into here. 

There has recently been discussion E3 about the observational value 
of h and its compatibility with the age of the Universe as determined by 
astrophysicists. We see from Fig. 7 that there is no significant discrep- 
ancy E3, provided h is not much larger than about 0.5 |L corresponding 



ft This is not incompatible with recent astrophysical determinations of h, for example from 
time delays in quasar lensingEil. 
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to m„ T ^ 23 eV. On the other hand, it may well be that most of the 
critical density is not in the form of massive neutrinos. 




0.001 0.01 0.1 1 10 



fi (density/critical) 



Figure 7: The (Q,Ho) plane exhibits no serious discrepancy between the average measured 
value of Ho (indicated by the vertical error bar), f2 = 1 and an age for the Universe of 10 10 
years. This plot also shows the estimates of the present baryon density obtained from visible 
features in the Universe, from Big Bang Nucleosynthesis and from rich clusters. 

The favoured theory of the formation of structures in the early Uni- 
verse is that they are due to the gravitational unstability of overdense 
regions as they come within the horizon. These overdense regions would 
have originated from density perturbations created by quantum fluctu- 
ations during the inflation. However, it is generally thought that the 
growth of such inflationary perturbations needs to be accelerated by 
matter [that is non-relativistic (cold) during the epoch of structure for- 
mation E3, as illustrated in Fig. 8. 

It is generally thought that most of the present mass density must 
be in the form of cold dark matter. However, the detailed comparison of 
data on microwave background fluctuations as first observed using the 
COBE satellite E3, other observational data on large-scale astrophysical 
structures, and data on smaller scales, indicate that the pure cold dark 
matter model requires modification. One possibility is that there may 
be energy density in the vacuum (a cosmological constant), another is 
that the spectrum of inflationary perturbations may be scale-dependent 
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(tilted), and a third is that there is an admixture of hot dark mattered, 
i.e., matter that was relativistic during the epoch of structure formation: 



Qcoid ~ 0.7, Q.Hot ~ 0.2 



(16) 



The only plausible candidate for the hot component of the dark matter 
is one or more species of massive neutrino. 
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Figure 8: A sketch indicating the role of Cold Dark Matter in magnifying primordial density 
perturbations via gravitational instability, while the baryons are still coupled to radiation. 



Simulations of structure formation indicate that any cosmological 
constant is unlikely to be large enough to alleviate significantly the (non- 
existent) age problem. Moreover, peculiar motions on the scale of galac- 
tic clusters seem to be larger than expected in cold dark matter models 
with tilt. As summarized in Fig. f^imixed dark matter models (|l^) seems 
to fit the observational data bestE3. Although it has been suggested that 
there may be more than one species of neutrino with similar masses E3, 
the simplest hypothesis, which is consistent with the seesaw mass ma- 
trix (M), is that one neutrino, most likely the v T , dominates the hot dark 
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matter density. In such a mixed dark matter model, one would have 



m„ T ~ 5eV (17) 

Moreover, such a mass ([n]) is quite consistent with the value of ra„ M ~ 
2 x 10 -3 eV expected in the MSW interpretation of the solar neutrino 
deficit, and the ratio ~ (mt/m c ) 2 expected in the simple seesaw model 
(^). If true, the estimate ( |l7| ) suggests an optimization of accelerator 
searches for neutrino oscillations down to Am 2 ~ 10 eV 2 . 




"Standard deviations" 



Figure 9: A sketch indicating the relative successes of different models of structurerftprmation, 
as compared with different types of astrophysical and cosmological dataEj. 

6 Neutralinos 

We have already addressed the possibility that a massive neutrino might 
constitute hot dark matter in the Universe. Whether this is necessary is 
still an open question: what seems much better established is the need 
for a large amount of cold dark matter, at least on a cosmological scale 
if inflation is to be accepted, and also on a galactic scale if models of 
structure formation are to be believed. The question of immediate exper- 
imental interest is how much dark matter of what type may be present in 
the galactic halo that surrounds us. This is presumably not constituted 
of neutrinos, because they would not cluster on such a small scale E3. 
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Recently a couple of observational programmes have seen microlensisg 
events interpreted as due to sub-solar-mass objects in the galactic haloEj. 
The best estimate of the MACHO collaboration!!!] is that about half our 
halo could be in this barwanic form, and perhaps even all of it, whereas 
the EROS collaboration Lj seems to rule out this probability. Even if 
60% or more of our galactic halo is in the form of microlensing objects, 
one may anticinate a local density of cold dark matter particles of 10 -25 
gem -3 or moreO. 

My favourite candidate for this cold dark matter is the lightest super- 
symmetric particle, usually thought to be a neutralino, i.e., some mps- 
ture of the spin-1/2 supersymmetric partners of the Z°, 7 and HiggsO. 
Fig. 10 shows the lower limit on the neutralino n»«|ss established (modulo 
certain loopholes) by the ALEPH collaboration L3 on the basis of unsuie-i 
cessful sparticle searches at LEP 1 and 1.5. There is a good likelihood E9 
that the cosmological relic density of neutralinos may lie-in the range of 
interest to inflationary cosmeiegists: 0.1 < flh 2 < 0.3113. As also seen 
in Fig. 10, the ALEPH limit Ej may be strengthened (and its loopholes 
removed) if one postulates that the neutralino density falls within this 
ranged § r— 11— 1 

Both of these analysesLjO are based on the assumption that sparticle 
masses have certain universality properties which may not be valid. If 
these asumptions are relaxed, the lower bound on the mass of the lightest 
neutralino may not be altered qualitatively, but its phenomenology may 
be significantly modified 113, perhaps changing from a mainly gaugino 
composition to a mainly higgsino composition as seen in Fig. 11. Such a 
change can also alter the prospects for neutralino searches, as we discuss 
next. 

Three strategies for such searches are favoured: neutralino annihila- 
tion in the saJactic halo which yields stable particles (p, e + ,^,u) in the 
cosmic rays 113, which will be explored by the AMS satellite, annihila- 
tion after capture within the Sun or Earth, which may yield high-energy 
neutrinos detectable in underground detaetors (either directly or via the 
/is generated by v interactions rock) t2l, and elastic scattering on a 
nuclear target in the laboratory 



Tor imdates of this analysis to include the preliminary results of higher-energy LEP 2 
data, seeL3. 
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b igure 10: The ALEPH lower limitO on the lightest neutralino mass m x (short-dashed line) 
as a function of the ratio of Higgs vacuum expectation values tan/3, which has an important 
loophole indicated by the double arrow, is compared with the absolute lower limits obtained 
from a combination with other e+e - experiments (dotted line), with that inferred from the 
DO experiment (long-dashed line), and those obtained from combining phenomenological 
and cosmological considerations, both with (solid line) and without (dot-dashed lineA-jthe 
supplementary theoretical assumption of dynamical electroweak symmetry breakiner'1. 




Figure 11: The preferred composition of the lightest neutralino may change from being 
mainly a gaugino to mainly a higgsino, if thergormal assumptions of universality are re- 
laxed O. 
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In the second case, which is of particular interest to neutrino physi- 
cists, annihilation follows the passage of relic neutralinos through the Sun 
or Earth accompanied by scattering and the loss of recoiLenergy, which 
is what causes the the neutralinos to become trapped lj. Among the 
neutralino annihilation products will be some energetic neutrinos from 
r or heavy-quark decays, which can escape from the core of the Sun or 
Earth and be detected in underground experiments, either directly or 
indirectly as mentioned above. Underground fi search experimepte-such 
as Baksan are now imposing significant constraints on models lIZrEj, as 
seen in Fig. 12. This type of search is promising for the futpiie generation 
of experiments that includes Baikal, Nestor and Amanda E3. One point 
that needs to be watched is the possibility that also these high-energy 
neutrinos oscillate Ell. In particular, there could be a significant suppres- 
sion of the solar flux and a corresponding enhancement of the v e flux 
if the large-angle MSW solution to the low-energy solar-neutrino deficit 
is correct. This implies the need for some caution in interpreting upper 
limits on the flux of muons generated by high-energy neutrinos from the 
Sun. 
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Figure 12: Upper limits on energetic neutrino emission from the Sun dieei to neutralino 
annihilations are already beginning to exclude certain models E3. 
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The direct detection of the elastic scattering of neutralinos on nuclei 
in the laboratory EiJ is also a promising technique. There are impor- 
tant contributions to the scattering matrix elements from both spin- 
dependent and spin-independent forces. The former are determined by 
axial-current matrix elements related Ej to that appearing in neutron j3 
decay whereas the latter are related to the different quark contribu- 
tions to the nucleon mass. These spin-independent forces are coherent 
for heavy nuclei, r^nd likely to dominate for favoured detector mate- 
rials such as Ge lj. Recent upper limits on the spin-dependent and 
spin-indp»endent elastic dark-matter scattering rates were shown at this 
meetingEZI. Eventually, such experiments should improve significantly in 
sensitivity, and may be able to compete with, and complement, acceler- 
ator searches for supersymmetric particles El 

7 The CERN Experimental Programme 

The large accelerator laboratories such as Fermilab and CERN have not 
been very much in evidence at this meeting, reflecting the long-term 
trend of neutrino physics towards non-accelerator experiments. Never- 
theless, accelerator laboratories do have important roles to play, and I 
would like to mention briefly some of the neutrino and neutrino-related 
activities at my home laboratory, CERN. 

As you know, the present CERN start-baseline neutrino oscillation 
experiments, CHORUSEJand NOMADE3, will continue taking data until 
the end of f 997. Two other neutrino-related experiments have also been 
taking data during f996. One is SPYufj, which has measured charged- 
particle yields in p-Be collisions, with a view to the better calibration 
of accelerator v beams and perhaps better predictions for atmospheric 
v fluxes. The other is NA55C3, which has been measuring neutron pro- 
duction in /i collisions, with a view to understanding better this possible 
background for atmospheric v experiments E3. 

Another activity at CERN is COSMOLEP, which seeks to usa the /x 
detectors of LEP experiments to look at extended air showers El The 
use of L3-ito measure the atmospheric fi flux has also been approved 
recently lj. This could reduce significantly the current uncertainties in 
the flux, enabling one to determine whetherJKamiokande and 1MB have 
been seeing too few z/ M and/or too many u e E5. 

There are also extensive discussions taking place at CERN about 
the possibility of one or more future v experiments following CHORUS 
and NOMAD. One of these possibilities is an idea to use a v beam at 

d It should be emphasized that the naive quark model is not a good guide to the magni- 
tudes of these matfk elements, in particular since there is a significant contribution from 
the S7^75S current E3 
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the PS accelerator to probe the LSND claimO. Another possibility is a 
short-baseline-experiment at the CERN SPS, as a follow-up to CHORUS 
and NOMADlj. Talk of a medium-baseline experiment using a detector 
in the Jura moiwitains, about 20km away from CERN, has also been 
revived recently lj. Another attractive option would be a long-baseline 
experiment Ell sending a beam to the Gran Sasso laboratory, 730 km 
away, which might be accompanied by a nearby detector near or under 
the Geneva airport. 

In my view, one of the most interesting options on this list is the 
short-basp«ne follow-up to CHORUS and NOMAD. The COSMOS ex- 
periments planned for Fermilab is very promising, but it is a long time 
in the future, and, as I emphasized earlier, one should always require con- 
firmation in the neutrino business. On the other hand, there a#e already 
two entries in the long-baseline race, LBLEEI and MINOS Ej. More- 
over, the motivations for neutrino oscillations detectable in a suitable 
short-baseline experiment, namely hot dark matter, the seesaw mecha- 
nism and the solar neutrino deficit, remain just as strong as ever. The 
only change, perhaps, is a trend towards a slightly lower neutrino mass 
for the cosmological hot dark matter. As already mentioned, this might 
suggest a somewhat lower neutrino energy and/or longer baseline for any 
follow-up experiment, which is motivated whether or not CHORUS and 
NOMAD find anything in their present data sets. 

8 Conclusion 

To conclude this talk, I present a possible chronology of future neu- 
trino experiments and others of potential interest to this community. 
An exciting era is opening up, with major new experiments such as Su- 
perkamiokande and LEP 2 starting to take data. Some of the major 
issues in particle physics have a chance of being resolved by the time of 
Neutrino 98, with the opening up of new domains of exploration for the 
Higgs boson, supersymmetric particles and neutrino masses. Let us all 
cross all amenable body parts, and hope for progress by the next meeting 
in this series! 
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Possible Chronology of Future Neutrino and Related Experiments 



Year 


Accelerator 

Neutrino 
Experiments 


Other 
Accelerator 
Experiments 


Non-accelerator 
Experiments 


1996 


CHORUS, 
NOMAD 


LEP 2, SPY, 
COSMOLEP, 
NA55 


AMANDA, Baikal, 

SKK, Chooz, 
Homestake Iodine 


1997 


LSND v 


CosmoL3 


SNO, 
Palo Verde 


1998 


KARMEN upgrade 




AMS, 
GNO? 


1999 


LBLE(12 GeV) 


B factories, 
HERA-B 


BOREXINO, 
ICARUS 600t 


2000 


ALADINO/NOE/ 
TENOR/HELLAZ / 
full ICARUS? 




0z/2/3 -> 0.2 eV? 


2001 


COSMOS, 
MINOS 




MAP? 


2002 








2003 


LBLE(50 GeV) 




COBRAS/SAMBA? 


2004 






BAND? 


2005 




LHC 


0j/2/3 0.1 eV? 



A. Blondel, Plenary talk at the International Conference on High 
Energy Physics, Warsaw, 1996, reporting the analysis of the LEP 
Electroweak Working Group and the SLD Heavy Flavor Group, 
CERN Report No. LEPEWWG /96-02, available at the URL: 



http://www.cern.ch/LEPEWWG 



2. Particle Data Group, R. M. Barnett et al., Phys.Rev. D54 (1996) 
1. 

3. P. Vogel, V. Sandberg, talks at this meeting. 

4. J. Ellis and M. Karliner, Phys.Lett. B213 (1988) 73; 

D.B. Kaplan and A. Manohar, Nucl.Phys. B310 (1988) 527. 

5. R. Bernstein, talk at this meeting; 

A.L. Kataev, A.V. Kotikov, G. Parente and A.V. Sidorov, 
Phys.Lett. B388 (1996) 179. 



6. M. Demarteau, Fermilab preprint Conf-96/354, liep-ex/9611019 
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and references therein. 

ALEPH, DELPHI, L3 and OPAL collaborations, presentations at 
open session of the CERN LEP Experiments Committee, Oct. 8th, 
1996; 

See, for example, OPAL collaboration, K. Ackerstaff et al., CERN 
Preprint PPE/96-141. 

J. Ellis, G.L. Fog li and E. Lisi, CERN preprint TH/96-216 (1996), 
bep-ph/9608324 

see also W. d e Boer, A. Dabe lstein, W. Hollik, W. Mosle and U. 
Schwickerath, |hep-ph/9607286;; 



S. Dittmaier and D. Schildknecht, |hep-ph/9609488 . 
9. A.L. Kataev and A.V. Sidorov, Phys.Lett. B3 31 (1994) 179; 
CCFR-NUTEV collaboration D. Harris et al frep-ex/9506010 
see also L.S. Barabash et al., hep-ex/9611012. 

10. M. Schmelling, rapporteur talk at International Conference on 
High-Energy Physics, Warsaw 1996. 

11. M. Girone and M. Neubert, Phys. Rev. Lett. 76 (1996) 3061, and 
references therein. 

12. J. Ellis, E. Gardi, M. Karliner and M. Samuel, Phys.Lett. B366 
(1996) 268 and Phys. Rev. D54 (1996) 6986. 

13. T. Yanagida, Proc. Workshop on the Unified Theory and the 
Baryon Number in the Universe (KEK, Japan, 1979); 

R. Slansky, Talk at Sambel Symposium, Caltech Preprint CALT- 
68-709 (1979). 

14. J. Bonn, talk at this meeting. The possibility of a crumpled config- 
uration of the (supposedly) monolayer source, leading to multiple 
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15. V.M. Lobashev, talk at this meeting. I understand from A. 
Kusenko that a re-evaluation of multiple scattering in the source of 
this experiment may lead to a revised upper limit on the possible 
high-mass branch of about 0.5%. 

16. A. Swift, talk at this meeting. 

17. H.V. Klapdor-Kleingrothaus, talk at this meeting. 

18. F.T. Avignone, A. Barabash, H. Ejiri, J. Farine and E. Fiorini, 
talks at this meeting. 

19. K. Lande, talk at this meeting; 

20. Y. Suzuki, talk at this meeting: 

Kamiokande collaboration, Y. Fukuda et al., preprint ICRR-372- 
96-23 (1996); 

see also J.N. Bahcall, P.I. Krastev and E. Lisi, Princeton preprint 
IASSNS-AST 96/43. 

21. V.N. Gavrin, talk at this meeting; 

SAGE Collaboration, D.N. Abdurashitov et al., Phys.Lett. B328 
(1994) 234. 
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3720. 
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Soudan I Collaboration, W.W.M. Allison et al, |hep-ex/9611007 . 
NUSEX Collaboration, M. Aglietta et al., Europhys. Lett. 8 (1989) 
611; 

Frejus Collaboration, C. Berger et al., Phys.Lett. B227 (1989) 489 
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D.O. Caldwell, talk at this meeting; 

LSN D Collaboration , C. Athanassopoulos et al., nucl-ex/9605001 
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|hcp-ph/96 10542 
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Stanler 
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, Phys.Lett. B332 
Columbia preprint 
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See, e.g., N. Hata, S.A. Bludman and P. Langacker, Phys.Rev. D49 
(1994) 3622; 

V. Castellani, S. Degl'Innocenti and G. Fiorentini, Astron. and 
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G. Conforto, talk at this mee ting. 
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325. 

S. Petcov, talk at this meeting. 

L. Wolfenstein, Phys.Rev. D17 (1978) 2369; 

S.P. Mikheyev and A.Yu. Smirnov, Yadernaya Fizika 42 (1985) 
1441. 

P. Krastev, private communication. 

C. Burgess, talk at this meeting; 

CP. Burge ss and D. Michaud, hep-ph/9606295 and hep- 
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